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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The objective of this work is to investigate the effect of hydrogen-induced fracture of TiNi-based alloy. In this report we 
performed the first studies comparing inelastic properties and fracture of the specimens of the binary alloy of TiNi wire under the 
action of hydrogen with coarse-grained (CG) and ultrafine-grained (UFG) microstructure. It is shown that hydrogen 
embrittlement (HE) occurs irrespective of the grain size in the studied specimens at approximately equal strain values. However, 
compared o the specimens with CG structure, those with UFG structure a cumulate two to three times more hydro en for he 
same hydrogenation tim . It is found that hydrogen has a much smaller effect on the inelastic pr perties of s ecimens with UFG 
structure s compared to those with CG structure. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Due to the good corrosion resistance and high biocompatibility, the products made of titanium nickelide (TiNi) 
are succe sfully u ed as medic l implants. In particular, the superelastic TiNi wire is used in manufacturing of 
bracket systems. However, it has been found that these devices are prone to brittle failure in oral cavity after several 
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months Yokoyama et al. (2001). The studies have shown that this process occurs due to the hydrogen embrittlement 
(HE) effect Asaoka et al. (2002); Yokoyama et al. (2012). This phenomenon is manifested in reduction of the wire 
superelasticity properties when hydrogen concentration inside the material increases and then the brittle failure of 
the wire takes place. Hydrogen can be released from the physiological medium and then be absorbed by a product 
made of TiNi under the action of galvanic currents. At present three main hypotheses are discussed in the literature 
concerning the mechanism of the HE phenomenon in TiNi-based alloys: hydride embrittlement, stressed hydrogen-
martensitic interaction and formation of vacancy porosity. However, none of them was supported by convincing 
proofs. In the recent work of Kireeva et al. (2015), it was found that HE is also observed at hydrogenation of 
Ti49.4Ni50.6 monocrystals. The HE phenomenon occurs first, due to the decomposition of the Ni-enriched initial alloy 
under the action of hydrogen with phase separation of TiNi3, which is observed in normal conditions only at high 
temperatures, and second, due to the precipitation of TiH hydrides. The effect of certain factors determining the HE 
phenomenon in TiNi using TiNi polycrystals (hydrogen concentration Pelton et al. (1997), strain rate Gamaoun et al. 
(2014), ageing time at room temperature Gamaoun et al. (2014); Gamaoun et al. (2011), etc. is studied. Besides, 
attention was drawn A.A. Ilin et al. (1984) to the hydrogen absorption dependence on the alloy structural state, 
including phase state. However, up to the present time, there were no attempts to study the effect of the grain size in 
TiNi-based alloys on the HE phenomenon. The urgency of this problem is determined by the growing use of 
products made of TiNi with ultrafine-grained (UFG) structure in medical practice. In this paper, we performed the 
first studies comparing inelastic properties of the specimens made of the binary alloy of TiNi wire under the action 
of hydrogen with CG and UFG structures. The fracture regularities of CG hydrogenated specimens are studied. 
2. Materials and Research Methods 
The tests were performed using the specimens of 1 mm diameter wire made of Ti49,1Ni50,9 (atom per cent), 
produced by the “Industrial Centre MATEK-SMA”. The initial state of the wire after drawing is the UFG structure 
with an average grain/subgrain size of 0.1 – 0.2 µm. The CG wire specimens were obtained by the initial wire 
annealing at 973К for 30 min. with subsequent cooling in water. This treatment was done to form homogenous solid 
solution state B2 parent phase.  
The microstructure of the recrystallized specimens was studied by optical metallography (AXIOVERT 200 
MAT) and scanning electron microscopy. The results presented here were obtained using a LEO EVO 50 (Zeiss, 
Germany) scanning electron microscope NANOTEKh Center for Collective Use of the Institute of Strength Physics 
and Materials Science of the Siberian of the Russian Academy of Sciences.  The microstructure of UFG samples 
was studied by electron microscopy (JEM-2100). The temperatures of martensitic transformations were calculated 
by the analysis of temperature dependence of electrical resistivity in heating and cooling wire specimens. MS and Mf, 
are the temperatures, when upon cooling martensite (B19`) formation starts and finishes, respectively, and AS, Af, 
are the temperatures, when upon heating austenite (B2) formation starts and finishes, respectively. 
The specimens have been charged electrolytically with hydrogen in 0.9% NaCl physiological solution at the 
current density of 20 A/m2, saturation time was 3 hours. A cylindrical platinum plate was used as an anode. 
Hydrogen concentration was measured using a hydrogen analyzer RHEN602 of LECO. The study of inelastic 
properties was performed using an inverted pendulum device. Inelastic properties were determined in the cyclic 
loading and unloading scheme of the specimens under isothermal (293К) conditions. 
3. Experimental Results and Discussion 
Consider the grain structure of the initial samples prior to hydrogenation, their structural and phase state and 
mechanical properties. 
Figure 1 shows a typical microstructure of the Ti49.1Ni50.9 alloy initial wire after drawing. The image was taken  
in a longitudinal section of the wire. The average grain/subgrain size is 0.1-0.2 µm.  
Figure 2 shows the microstructure and histogram of the grain size distribution for the recrystallized specimens of 
the Ti49.1Ni50.9-alloy. Grain shape is close to the equiaxed with an average size of 8 µm. 
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Fig. 1. Electron microscopic images of a typical microstructure of the UFG Ti49.1Ni50.9 specimens. 
 
                                                                                                  
            
Fig. 2. Microstructure and grain size distribution of the CG Ti49.1Ni50.9  specimens. 
 
When cooling and heating, the following sequence of martensitic transformation (MT) В2В19 is realized in 
the CG specimens, and В2R↔В19for UFG specimens. The MT temperatures in the wire specimens of 
theTi49.1Ni50.9-alloy are shown in Table 1. 
 
Table 1. Temperatures of martensitic transformation В2 ↔ R ↔ В19 in specimens of the Ti49.1Ni50.9-alloy (at.%). 
 
State ТR, К МS, К Мf, К Аs, К Аf, К 
UFG 264 212 182 236 252 
Recrystallization  241 221 252 263 
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Table 1 shows that both UFG and recrystallized specimens at 295K had the B2 phase structure before 
hydrogenation and prior to the beginning of isothermal loading when studying the development of inelastic and 
plastic deformations during torsion processes. 
The stages of deformation development during isothermal (295K) loading when studying the UFG and 
recrystallized specimens are shown in Fig. 3. When reaching the martensitic shear stress (τм410 MPa and 350 
MPa in UFG and recrystallized samples respectively), the stress–strain dependence of the samples exhibit typical 
features of B2 phase TiNi with the presence of a stress plateau, indicating the occurrence of stress-induced 
martensitic transformation (SIMT) and reorientation of the martensitic phases. This plateau passes into the stage of 
strain hardening, with the subsequent development of intensive plastic flow. Stress at the start of the last 
deformation stage decreases from 910 MPa in UFG specimens to 530 MPa in recrystallized specimens. Thus, 
transition from the UFG structure of specimens to the microcrystalline one, results in their softening. The 
simultaneous increase in MT temperatures leads to the decrease in τм, required for generation in the process of 
loading at 295K of the B19' martensite, providing the subsequent manifestation of superelasticity (SE) and shape 
memory effect (SME). 
 
 Fig. 3. Engineering “stress ()-strain ()” dependences during torsion of UFG specimens (1)  and CG specimens (2) at Tdef = 293 K 
 
Before we proceed to the analysis of the hydrogen effect on the properties of the Ti49.1Ni50.9 alloy, let us consider 
how hydrogenation changes the hydrogen concentration in the studied specimens. The hydrogen content in the 
original specimens before hydrogenation was 7 wt. ppm. After electrochemical hydrogenation from the 
physiological solution of the specimens with UFG structure for 3 hours, the hydrogen content was about 400 wt. 
ppm. The measurements were performed after 1 or 2 hours after hydrogenation. It is considered that hydrogen can 
be easily released from TiNi due to the low activation energy of the hydrogen migration. According to the 
measurements performed in the hydrogenated specimens exposed for several days at room temperature, hydrogen 
content in the specimens remains almost at baseline. This is probably due to the rutile film forming on the surface of 
TiNi-alloy specimens and preventing hydrogen release. 
The specimens with CG structure under the same hydrogenation conditions have shown much lower hydrogen 
content (175 wt. ppm.). This result is not surprising, since it is known that in fine crystalline metallic materials 
hydrogen is primarily concentrated at the grain boundaries. The hydrogen content in the UFG specimens should be 
higher due to the finer grain size and thus a more effective inner surface.  
Since under these hydrogenation conditions, the hydrogen concentration exceeded a threshold concentration 
required for hydrogen embrittlement, in the next part of our study we compared the hydrogen effect on inelastic 
properties of the specimens with CG and UFG structure. Figures 4 and 5 present the results of tests on the inelastic 
strain accumulation and recovery under loading and unloading of the studied specimens at the first cycle before and 
after hydrogenation. Testing temperature was 296К. Figure 4 shows that in the CG specimens, the critical stress for 
austenitic-martensitic transformation, wherein a transition to the pseudoelastic plateau is observed, is approximately 
360 MPa and the plateau length is about 12 per cent. The critical stress for austenitic-martensitic transformation in 
the specimens with SMC structure was approximately 70 MPa higher than in those with CG structure, Fig.5. After 
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unloading, the SMC specimens have lower residual strain (Fig.5), as compared to the CG specimens (Fig.4). After 
hydrogenation, a minor increase (by 10 MPa) in the critical stress of austenitic-martensitic transformation takes 
place in both parties of specimens. In literature it is connected with a solid solution strengthening due to the 
hydrogen atoms in interstitial positions. The hydrogenated CG specimens achieve the stage of “dislocation” 
strengthening earlier as compared to the unhydrogenated ones, Fig. 4. 
 Fig. 4. Accumulation and recovery of the inelastic strain at the first “loading-unloading” cycle in the initial CG specimens of the Ti49.1Ni50.9  alloy 
before  (♦) and after hydrogenation (▫). Testing temperature was 296 K. 
 Fig. 5. Accumulation and recovery of the inelastic strain at the first “loading-unloading” cycle in the UFG specimens of the Ti49.1Ni50.9  alloy 
before (▲) and after hydrogenation (○). Testing temperature was 296 K. 
 
Superelasticity of specimens of TiNi-based alloy after hydrogenation remains high (15 %) under external loading 
of less than 600 MPa. 
Figure 6 presents the most significant changes revealed after the second loading cycle up to the failure of  
specimens, when the HE phenomenon appeared. It turned out that the hydrogenated specimens are subjected to  
substantially lower ultimate strain before the failure (21 per cent and 27 per cent, respectively in the specimen with  
CG and UFG structure) against approximately 50 per cent and 44 per cent in unhydrogenated specimens. 
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 Fig. 6. Dependences of strain accumulation and recovery in first two “loading-unloading” cycles for the hydrogenated specimens with CG (▲) 
and UFG (■) structure. Testing temperature was 296 K. 
 
Let us consider the regularities revealed under the fractographic study of fractured specimens after hydrogenation 
of the Ti49.1Ni50.9 alloy specimens. This paper presents only the research results of hydrogenated CG specimens. 
Previously, such studies have been conducted, for example, by Ogawa et al. (2015) but under the tensile strain. In 
this paper, the torsion strain is used. In paper by Miyabe et al. (2012) it is shown that a system of parallel circular 
cracks appears under tensile deformation of the hydrogenated cylindrical wire specimens on the surface of fractured 
specimens. The cracks appear in the hydrogenated thin and brittle layer. The distance between them is determined 
by the hydrogenated layer thickness that is dependent on the hydrogenation time. The similar regularities are also 
revealed in this paper. The scanning electron microscopy (SEM) was used to examine the surfaces of the fractured 
torsion specimens charged with 175 wt. ppm hydrogen. Figure 7 shows a system of parallel spiral cracks located on 
average at a distance of ∆l = 1.3 mm apart that occurs under torsion strain. In contrast to Miyabe et al. (2012), in this 
case, cracks develop at an angle of 45 degrees in relation to the longitudinal axis of the wire. Along one of such 
cracks, the specimen fracture occurs, Fig.7. The specimen center shows a rather ductile fracture, unlike the near-
surface layer, which fractures brittly. 
  
Fig. 7. SEM images of fracture surfaces of the hydrogenated TiNi specimens. ∆l is the distance between spiral cracks on the wire surface. 
 
This fracture pattern much differs from that, which is observed under torsion fracture of unhydrogenated TiNi 
specimens James et al. (2005). A distinctive feature of the torsion-fractured unhydrogenated specimens of the TiNi 
wire is a flat fracture surface, nearly perfectly orthogonal to the longitudinal axis of the wire. 
Figures 7 and 8 show that cracks are opened after the fracture, and the extent of their opening decreases when 
removing from the specimen fracture plane. 
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Fig. 8. Cracks on the surface of the fractured hydrogenated recrystallized specimens of the Ti49.1Ni50.9 alloy. 
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5. The SEM image of fracture surfaces of the hydrogenated specimens showed that increasing hydrogen content 
results in the brittle fracture mode. 
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